Biphenyl dioxygenase (BPDO) catalyzes the aerobic transformation of biphenyl and various polychlorinated biphenyls (PCBs). In three different assays, BPDO B356 from Pandoraea 20 pnomenusa B-356 was a more potent PCB-degrading enzyme than BPDO LB400 from Burkholderia xenovorans LB400 (75% amino acid sequence identity), transforming each of 9 congeners in the following order of preference: 2,3',4-triCl ~ 2,3,4'-triCl > 3,3'-diCl > 2,4,4'-triCl > 4,4'-diCl ~ 2,2'-diCl > 2,6-diCl > 2,2',3,3'-tetraCl ~ 2,2',5,5'-tetraCl. Except for 2,2',5,5'-tetraCl biphenyl, BPDO B356 transformed each at higher rates than BPDO LB400 . 25
The assays used either whole cells or purified enzymes, and either individual congeners or mixtures thereof. Product analyses established previously unrecognized BPDO B356 activities, including the 3,4-dihydroxylations of 2,6-diCl biphenyl. BPDO LB400 had a greater apparent specificity for biphenyl than BPDO B356 ). However, the latter transformed biphenyl at a higher maximal rate (k cat = 4.1 (0.2) vs. 
INTRODUCTION
The microbial degradation of biphenyl has been well studied as a potential means of remediating soils contaminated with polychlorinated biphenyls (PCBs) (49) . While the production of PCBs has been banned in industrial countries due to the adverse health effects they cause in humans, these toxic pollutants are persistent and remain widespread in the 45 environment (13). PCBs are aerobically transformed by the bph pathway, a pathway comprising four enzymes that initiates the catabolism of biphenyl. In most bacterial strains characterized to date, the pathway transforms up to tetra-chlorobiphenyls, although some pathways can transform congeners containing up to six chlorine substituents (8,47). A critical step in improving the microbial catabolic activities for the degradation of PCBs is 50 understanding the reactivity of the four enzymes of the bph pathway for PCB metabolites.
Biphenyl dioxygenase (BPDO), the first enzyme of the bph pathway, is a typical three-component, ring-hydroxylating dioxygenase that catalyzes the insertion of molecular oxygen into an aromatic ring forming cis-(2R,3S)-dihydroxy-1-phenylcyclohexa-4,6-diene ( Figure 1 ) (49) . The oxygenase (BphAE) has an α 3 β 3 composition. Each α  subunit (BphA) 55 contains a Rieske-type Fe 2 S 2 cluster and a mononuclear iron center, located at the enzyme's active site. A reductase (BphG) and a ferredoxin (BphF) function to transfer electrons from NADH to the Rieske center of BphAE, where they are used in the hydroxylation of the biphenyl at the mononuclear iron center. The mechanism of dihydroxylation is thought to be very similar to that of naphthalene dioxygenase from Pseudomonas sp. NCIB 9816-4, the 60 best characterized ring-hydroxylating dioxygenase (37). BPDO is a major determinant of a bacterium's PCB-transforming capabilities. Studies on BPDOs from different organisms have revealed significant differences in congener (substrate) preference and the regiospecificity. For example, BPDO KF707 and BPDO LB00 , from Pseudomonas alcaligenes KF707 and Burkholderia xenovorans LB400, respectively, show very different reactivities, 65 although they share over 95% sequence identity (22, 58) . BPDO LB400 preferentially transforms
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in BphAE B356 instead of Ala, as in BphAE LB400 ) was not able to transform any of the tested PCBs.
Herein, we report the characterization of four variants of BPDO: BphAE LB400 , BphAE B356 , and two variants of these enzymes generated via directed evolution, BphAE II9 95
and BphAE II10 . The steady-state kinetic parameters for biphenyl of anaerobically purified non His-tagged enzymes were determined, and the activities towards various PCB congeners were investigated. The degree of uncoupling between O 2 utilization and congener transformation was also determined for the different enzymes using different congeners. To validate previous studies, activities determined using purified enzymes and whole cells were 100 compared, as where activities determined using individual congeners and mixtures thereof.
Finally, a crystal structure of the BphAE B356 :2,6-diCl biphenyl complex was determined.
The results are discussed in terms of the proposed catalytic mechanism of ring-hydroxylating dioxygenases and the specificities of the different BPDOs.
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cell. Gels were stained with Coomassie Blue according to standard protocols (40). Protein concentrations were determined using the Bradford reagent (11) , with bovine serum albumin as a standard. For the purified enzymes, concentrations were determined spectrophotometrically using the appropriate extinction coefficients: BphAE LB400 , ε 455 = 8.3 mM , respectively. Sulphur content was determined colourimetrically using N,Ndimethyl-p-phenylenediamine and sodium sulphide as a standard (15) . This value was used in the assays performed with purified enzymes. 165
Steady-state kinetic measurements and data analysis. The standard activity assay was performed in a total volume of 1.4 ml of air-saturated 50 mM MES, pH 6.0 (25°C). The reaction mixture contained 150 µM biphenyl, 320 µM NADH, 3.6 µM ht-BphF LB400 , 1.8 µM ht-BphG B356 and 0.6 µM BphAE. For PCBs, the 175 biphenyl was replaced with 50 µM of the appropriate congener. The assay was initiated by adding the oxygenase after equilibrating the reaction mixture with all other components for 30 s. The reaction buffer and stock solutions used in the assay were prepared fresh daily.
Stock solutions and protein samples were prepared anaerobically. The electrode was zeroed on the day of use by adding an excess of sodium hydrosulfite to the buffer in the reaction 180
chamber. It was calibrated using standard concentrations of catechol and an excess of catechol 2,3-dioxygenase. Activity determinations were corrected for the consumption of O 2 observed in the absence of oxygenase. One unit of enzyme activity is defined as the amount of enzyme required to consume 1 µmol of O 2 /min under the described conditions. Apparent steady-state kinetic parameters for biphenyl were determined by measuring rates of oxygen 185 uptake in the presence of concentrations of biphenyl from 0.1 to 150 µM. The MichaelisMenten equation was fitted to initial velocities determined at different substrate concentrations using the least-squares fitting and dynamic weighting options of LEONORA (17).
Coupling measurements.
Coupling experiments were carried out using 50 mM MES, 190 pH 6.0, 25°C, an excess of biphenyl or congener, 350 µM NADH and the same concentrations of BPDO components used in the standard activity assay. Reactions were initiated by adding oxygenase and quenched 1-4 minutes later by adding acetonitrile (1:1 v/v).
Oxygen consumption was monitored using the O 2 electrode. The amount of hydrogen peroxide was estimated using catalase, 650 U of which was added to the reaction mixture at 195 the time corresponding to the acetonitrile quench. The amount of oxygen detected upon addition of catalase was taken to represent 50% of the total hydrogen peroxide produced during biphenyl transformation. The consumption of biphenyl was determined by HPLC.
Depletion of PCB mixtures by purified BPDOs. Depletion assays were performed in 12 ml glass vials sealed with teflon caps in a total volume of 1.0 ml of air-saturated 50 mM 200 MES, pH 6.0 (25°C). The reaction mixture contained the same concentrations of BPDO components as the standard oxygraph assay, 350 µM NADH, and 10 µM each of 3,3'-diCl, 4,4'-diCl, 2,6-diCl, 2,3,4'-triCl, 2,3',4-triCl, 2,4,4'-triCl, 2,2',3,3'-tetraCl and 2,2',5,5'-tetraCl biphenyls (3) . Reactions were initiated by adding oxygenase and quenched immediately or 20 minutes later (each enzyme retained at least 60% of their activity after 20 205 min; data not shown). After quenching, 2,2',4,4',6-pentaCl biphenyl was added as an internal
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standard and the reaction was extracted twice with hexane. The hexane fractions were pooled, dried over anhydrous sodium sulphate and analyzed for PCB congener content by
GC-MS.
Whole-cell assays. E. coli C41(DE3) cells freshly transformed with the isc plasmid 210 and either pT7-6a, pT7II9a, or pT7II10a were grown at 37°C to mid-log phase, induced with 0.5 mM IPTG and further grown at 22°C to an OD 600 of 1.0. Cells were then harvested, washed twice with 50 mM sodium phosphate, pH 7.5, supplemented with 1 g/l glucose, and resuspended in the same buffer at an OD 600 of 2.0. One-ml portions of this suspension were distributed in 12-ml glass vials with teflon caps. An aliquot of the PCB mixture described 215 above was added to each vial such that the final concentration of each congener was 10 µM.
The reactions were shaken at 25°C at 225 rpm and stopped after 0, 3, and 18 hours by adding a drop of 1 N HCl. The reactions were then frozen at -80°C. Assays were performed in duplicate. Controls contained C41(DE3) cells without any plasmid and were otherwise treated the same. An internal standard, 2,2',4,4',6-pentaCl biphenyl, was added to a final 220 concentration of 10 µM. The samples were extracted twice with 1 ml of hexane, pooled, dried over sodium sulphate and transferred to GC vials. The PCB content was analyzed as described in the previous sections. Protein levels in the different strains were verified using µM ht-BphG, 100 µM substrate and 1 mM NADH. Ethyl acetate was added after 5 min incubation to stop the reaction and to extract the metabolites. The latter were derivatized 250 using butylboronate and analyzed by GC-MS as previously described (3).
HPLC and GC-MS analyses. HPLC analyses were performed using a Waters 2695
Separations Module equipped with a Waters 2996 Photodiode Array Detector and a C-18
Waters Nova-Pak column (3.9 X 150 mm) (Waters Limited, Mississauga, ON). The instrument was operated at a flow rate of 1 ml/min. Biphenyls were eluted with a 20 ml 255 gradient of 50% to 90% acetonitrile in H 2 O. Samples of 100 µl were injected and the amount of biphenyl was determined from the area of the absorbance peak at the appropriate wavelength using a standard curve. GC-MS was performed using an HP-5MS equipped with
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an Agilent column 19091S-433 (0.25 mm X 30 m X 0.25 mm) (Agilent, Mississauga, ON).
The instrument was run at a flow rate of 53.5 µl/min and a pressure of 10.7 psi, with the oven 260 temperature ramping from 40 to 280 °C. Samples of 2 µl were injected in a splitless mode and the amount of biphenyl was determined from the area of the corresponding peak at the appropriate m/z using a standard curve. For HPLC and GC-MS, standard curves for biphenyl were established by determining the peak areas of known amounts of the biphenyl. Samples for standard curves were treated in the same way as reaction mixtures to account for losses of 265 biphenyl that may occur during sample manipulation. All standard curves had correlation factors higher than 0.99. Modeling of BphAE LB400 . The structure of the BphAE LB400 :biphenyl complex was 305 modeled using the interactive mode of 3D-JIGSAW protein comparative modeling server (7) and the crystallographic coordinates of the BphAERHA1:biphenyl complex (ProteinData Bank identifier 1ULJ) (24) .
Crystallization of BphAE
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RESULTS
Purification and characterization of BPDO. Relevant details of the anaerobic 310
purification of the BPDO oxygenases are summarized in Table 1 . The enzymes were greater than 90% pure as estimated from denaturing gels, comparable to previous preparations of aerobically and anaerobically purified BPDO B356 (31, 35) .
Anaerobically purified BphAE LB400 , BphAE B356 , BphAE II9 and BphAE II10 had specific activities of 0.2, 4, 0. Table 2 . Of the four variants, 325 BPDO LB400 possessed the highest apparent specificity constant (k cat /K m ) for biphenyl, and was approximately 10-fold greater than that of BPDO B356 . By contrast, BPDO B356 exhibited the highest turnover number, k cat . The kinetic parameters for biphenyl reported herein for BPDO B356 are similar in magnitude to those reported previously (35) . However, direct comparison is not possible as the assay conditions were modified to facilitate comparison of 330 all four isozymes. The steady-state parameters of BPDO II9 and BPDO II10 for biphenyl fell between those of the two parent enzymes. However, BPDO II9 was more similar to BPDO LB400 . In each of the four enzymes, the consumption of O 2 was well coupled to the consumption of biphenyl (Table 2) . That is, in the presence of a saturating concentration of
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utilized within experimental error. Moreover, no hydrogen peroxide, a possible uncoupling product, was detected upon the addition of catalase to reaction mixtures.
The reactivity of BPDO variants with individual chlorinated biphenyls. Steadystate kinetic parameters for chlorinated biphenyls were not determined in the current study due to the low solubilities of the congeners, the low activities of the isozymes, and the poor 340 coupling of the transformation of the more chlorinated biphenyls to O 2 consumption. For these reasons, the reactivity of each BPDO with each of five chlorinated biphenyls was examined using a single congener concentration (50 µM). The rates of congener and O 2 depletion are summarized in Table 3 . Of the four isozymes, BPDO B356 showed the best congener-transforming activity: it transformed each of the five congeners at rates that 345 equaled or exceeded those of the other isozymes. Of particular note, BPDO B356 depleted 2,2'-diCl biphenyl as well as BPDO LB400 . By contrast, BPDO II10 had the poorest ability to transform congeners, significantly depleting only 2,3'-and 3,3-diCl biphenyls. The overall congener-depletion activity of BPDO II9 was intermediate between that of the two parental enzymes, except for 4,4'-diCl biphenyl, which BPDO II9 transformed more slowly than either 350 parental enzyme. None of the four enzymes transformed any of the tested congeners significantly faster than biphenyl. Except for the transformation of 2,2'-diCl biphenyl by BPDO II9 and BPDO LB400 , congener and O 2 consumption were uncoupled. In most cases, the O 2 that was not incorporated into the PCB was detected as H 2 O 2 . However, not all uncoupling resulted in H 2 O 2 production, suggesting that H 2 O was also produced in some 355 cases.
The transformation products of 2,4,4'-triCl and 2,6-diCl biphenyl. The relatively rapid transformation of 2,4,4'-triCl biphenyl by BPDO B356 was unexpected in light of previous reports that the enzyme transforms double para-substituted congeners poorly (1,3).
To better characterize this transformation, the reaction product was purified and found to 360
absorb maximally at  λ = 293.5 nm, within the range of λ max of other dihydrodiols (2). When the transformation was performed in the presence of additional Bph enzymes, the bright yellow ring-cleaved product was observed when BphB and BphC were added to the reaction mixture, but not when BphC alone was added. This result indicates that the BPDO B356 -catalyzed dihydroxylation of 2,4,4'-triCl biphenyl did not involve a dehalogenation as this is 365 expected to yield a catechol, the substrate of BphC. Analysis of the dihydrodiol by 1 H-NMR identified it as 2,3-dihydro-2,3-dihydroxy-2',4,4'-triCl biphenyl (Fig. 2) were consistent with the presence of four protons on the non-aromatic ring (excluding the 370 hydroxyl protons), which are upfield of the aromatic ring due to the shielding effect of the -OH groups. Moreover, the chemical shifts were comparable to values predicted using ChemDraw Ultra 7.0 (CambridgeSoft, Cambridge, USA) as well as to those of similar chlorinated 2,3-dihydroxybiphenyls (5,51). Overall, these results demonstrate that BPDO B356 catalyzes the 2,3-dihydroxylation of the monochlorinated ring of 2,4,4'-triCl biphenyl. 375
The transformation products of 2,6-diCl biphenyl were characterized by GC-MS (Fig.   3 ). Each of BPDO B356 , BPDO II9 and BPDO LB400 transformed this congener to a mixture of two diCl-dihydrodihydroxybiphenyls. More specifically, the butylboronate derivatives of these compounds yielded mass spectra with the characteristic molecular ion (m/z 322) and a fragmentation pattern reflecting loss of each of a chlorine radical (m/z 287), the n-butyl 380 moiety (m/z 265), the C 4 H 9 BO moiety (m/z 238), and the nC 4 H 9 BO 2 moiety (m/z 222) (43).
The data did not identify the location of the hydroxyl groups. However, BPDO LB400 catalyzes the 2,3-dihydroxylation of each of 2-Cl, 3-Cl and 2,5-diCl biphenyls on the unchlorinated ring (27) , suggesting that the major metabolite produced from 2,6-diCl biphenyl (representing 85% of total dihydrodiol produced by BPDO B356 ) is 2,6-diCl-2',3'-dihydrothe expected product of 2,3-dihydroxylation of the chlorinated ring, indicating that the second metabolite results from 3,4-dihydroxylation of one of the rings.
The depletion of PCB mixtures by purified BPDOs. The activities of the purified BPDOs were investigated using a previously described mixture of 8 congeners (3) was similar to that of BPDO LB400 while BPDO II10 had the lowest overall depletion activity. 400
Nevertheless, both BPDO II9 and BPDO II10 depleted 2,3,4'-triCl biphenyl more efficiently than either parental enzyme.
The depletion of a PCB mixture by whole cells. The abilities of BPDO LB400 , BPDO II9 and BPDO II10 to deplete congeners in a mixture were also tested using whole cells.
The bphAE genes were co-expressed with bphFG LB400 in E. coli C41(DE3) (30) . Overall, the 405 whole-cell assays mirrored the apparent substrate preference observed in the enzyme assays, but the levels of depletion were higher in the former (Table 5) . Interestingly, cells expressing BPDO II9 depleted every congener tested, and did so at higher rates than cells expressing BPDO LB400 . Although the high activity of BPDO II9 was similar to that of BPDO B356 in purified enzymes assays, the apparent substrate preference of these two enzymes was still 410 different. Whole cells containing BPDO II10 did not degrade any of the congeners. The abilities of strains B. xenovorans LB400 and P. pnomenusa B-356 to deplete congeners in a A C C E P T E D mixture were similarly tested (Table 5) . Thus, the substrate preference of BPDO LB400 with the mixture of congeners was 2,3',4-triCl > 2,2',5,5'-tetraCl ~ 2,2',3,3'-tetraCl > 2, 3 
DISCUSSION
This study establishes that BPDO B356 transforms PCBs better than BPDO LB400 , an enzyme that has been well studied for its potent PCB-transforming ability, and provides insight into the molecular basis for this activity. The PCB-transforming activities were compared using three different experimental designs: purified enzyme and individual 480 congeners; purified enzyme and a mixture of congeners; and whole cells and a mixture of congeners. This comparison establishes the validity of each of the individual approaches.
Moreover, the current study made use of anaerobically purified preparations of non-tagged oxygenases to maximize the latters' specific activity and stability.
The higher apparent specificity constant for biphenyl of BPDO LB400 compared to 485 BPDO B356 is consistent with what has been previously reported (3) . However, the current finding that the K m value of BPDO B356 for biphenyl is 100-fold higher than that of BPDO LB400 contradicts previous results obtained with His-tagged enzymes indicating that the enzymes have similar K m values for biphenyl (3) . This could reflect the influence of the His-tag or the lower sensitivity of the assay used. Similarly, previous studies with aerobically prepared his-490 tagged oxygenases had indicated that BPDO II9 and BPDO II10 were more active than BPDO B356 (3) . The kinetic parameters of mutant BPDO II9 and BPDO II10 for biphenyl are within the range of those of their parental enzymes. This is consistent with the observation that most engineered BPDOs described to date degrade biphenyl at slower rates than their parental enzymes (29,57,63) and likely reflects the optimization of the parental enzymes for 495 their natural substrate.
The similar results obtained from the three congener depletion assays demonstrate that appropriately designed experiments may be compared. Small differences between the assays may be rationalized. Thus, the rate of depletion of the individual congeners was lower in the presence of competing congeners, consistent with previous studies (9) and the fact thatmultiple substrates compete for the same active site. Moreover, enzymes in whole cells transformed congeners faster than the reconstituted dioxygenases, consistent with previous reports (10, 25) . It seems unlikely that these differences arise from a lower quality of the purified BPDO components versus those in the cell as the former where prepared anaerobically and were highly active. Such differences may be due to the higher relative 505 levels of BphAE inside the cells, which were estimated to be three orders of magnitude higher than in the in vitro assay when considering the number of E. coli cells and their individual volume. Overall, while data obtained with purified enzymes are essential for mechanistic and biochemical studies, assays performed using whole cells provide valuable insights into the physiological behavior of the enzyme. 510
A major finding of the current study is that BPDO B356 is a potent PCB-degrading enzyme: it was more active than the other purified BPDOs against all tested congeners with the exception of 2,2',5,5'-tetraCl biphenyl (Tables 3 and 4) . Characterization of the transformation products of 2,6-diCl and 2,4,4'-triCl biphenyls confirmed the previously unreported ability of BPDO B356 to transform these congeners, and also provided the first 515 evidence that this enzyme catalyzes the 3,4-dihydroxylation of some congeners. The transformation of 2,2',5,5'-tetraCl biphenyl by BPDO B356 may also involve 3,4-dihydroxylation. The current study is nevertheless consistent with previous reports of the apparent substrate preference of BPDO B356 for meta-> para-> ortho-diCl biphenyls (35) as well as the enzyme's ability to degrade 2,3',4-triCl, 2,3,4'-triCl and 3,3'-diCl biphenyls (3) . 520
The low activity of BPDO B356 against other congeners reported in the latter study perhaps reflects the assay, which used whole-cells expressing His-tagged enzyme. Recent studies using His-tagged preparations have since confirmed that BPDO B356 transformed 2,6-diCl biphenyl better than either BPDO LB400 or BPDO P4 (Barriault & Sylvestre, unpublished) , a variant of BPDO LB400 that degrades most congeners at a higher rate than BPDO LB400 (4). 525
Although BPDO B356 shares similar sequence identity with each of BPDO LB400 (75%) and
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BPDO KF707 (76%), the reactivity of BPDO B356 appears to be closer to that of BPDO KF707 .
BPDO KF707 also shows a high level of depletion for both 2,4,4'-triCl and 4,4'-diCl biphenyls, although it preferentially degrades para-substituted congeners over ortho-substituted congeners (12,21,25) . 530
The congener preference of BPDO LB400 reported here (Tables 3 and 4) is consistent with data reported by others (1,2,6,23,47) . Thus, the enzyme dihydroxylated biphenyl and 2,2'-diCl biphenyl at similar rates and showed an apparent preference for ortho-> meta-> para-diCl biphenyls. Overall, the current results substantiate and extend the conclusion that the introduction of ortho-chloro substituents to an otherwise meta-and/or para-Cl biphenyl 535 renders the congener more susceptible to attack by BPDO LB400 despite the increased level of chlorination (12). As discussed below, this is consistent with modeling experiments that indicate that the active site of BPDO LB400 better accommodates non-planar congeners.
The overall substrate preference of BPDO II9 was closer to that of BPDO LB400 than that of BPDO B356 (Tables 3-4) . This is consistent with the steady-state parameters for biphenyl, 540 which were also closer to those of BPDO LB400 . Although BPDO II9 has superior PCBtransforming properties to those of BPDO LB400 in whole cell assays (3, this study) the purified enzyme did not show superior activity against any individual congeners when compared to purified BPDO B356 . The second engineered variant, BPDO II10 , was the least active enzyme in this study. The overall pattern of congener degradation by purified 545 BPDO II10 in the mixed congener assay was similar to that of BPDO LB400 and BPDO II9 (Table   3 -4), although BPDO II10 showed a slightly improved ability to degrade 3,3'-diCl biphenyl when compared to these enzymes. On the other hand, the improved degradation of 2,4,4'-triCl and 2,6-diCl biphenyls by BPDO II9 when compared to BPDO LB400 was not observed in BPDO II10 . These two findings may indicate a crucial role of Ala267 in substrate binding, 550 particularly in meta-substituted congeners. Finally, it is not clear why whole cells expressing
BPDO II10 did not degrade any of the congeners, although this is consistent with previous observations (3).
In all the variants studied, the degree of coupling between the transformation of congener and the consumption of O 2 was approximately proportional to the rate of congener 555 depletion. The results obtained with BPDO LB400 and BPDO B356 for 2,2'-, 3,3'-and 4,4'-diCl biphenyls are consistent with previous results obtained in identical conditions (35, 44) .
Uncoupling has been better characterized in cytochrome P450 monooxygenases (50) , in which the efficiency of hydroxylation is thought to depend on the position of the organic substrate with respect to the activated oxygen intermediate and the exclusion of solvent 560 molecules from this environment. The current results are consistent with this notion and highlight the ability of PCBs to poison the degradation process and to stress the cell through the production of reactive oxygen species. This is consistent with a recent study demonstrating that PCB-degrading cells are oxidatively stressed (14) .
The crystallographic data for the BphAE B356 :2,6-diCl biphenyl complex are consistent 565 with the observed preponderance of the 2',3'-dihydroxylation product. While the structural data do not reveal a binding mode consistent with 3,4-dihydroxylation, the limited contact between the substrate and protein suggest sufficient space to accommodate an appropriate binding mode. In this case, displacement of a short helix spanning residues 282 through 288 might be required. This would appear to be an unhindered change in conformation inasmuch 570 as the helix is solvent exposed and does not seem to be constrained by intramolecular contacts. Moreover, superposition of the BphAE B356 :2,6-diCl biphenyl complex with the BphAE RHA1 :biphenyl complex revealed that the back bone atoms of the corresponding helix in the latter are displaced 1.9 Å further away from the Fe atom at the position of corresponding to Ile283 of BphAE B356 , the single residue from this helix in contact with the 575 distal ring of 2,6-diCl biphenyl.
Comparison of crystal structure of the BphAE B356 :2,6-diCl biphenyl complex to the modeled BphAE LB400 :biphenyl complex revealed several features that explain the different reactivities of the two isozymes. Most strikingly, the increased space around C4 of the distal ring in BphAE B356 likely explains the superior ability of BphAE B356 to transform para-580 substituted congeners. This conclusion is corroborated by BphAE II9 and BphAE KF707 , which also have Ile at this position and which transform 4,4'-diCl biphenyls better than BphAE LB400 (57). Some studies have further suggested an important role of residues 338 and 341 in the dihydroxylation of ortho-substituted congeners (12,39). However, the levels of depletion of 2,2'-diCl biphenyl by BPDO B356 and BPDO II9 in this study were comparable to those of 585 BPDO LB400 . This result suggests that residues at positions 338 and 341 have a more subtle effect on congener binding, consistent with the model of the BphAE LB400 :biphenyl complex.
Finally, it is not obvious how residue 267 influences the reactivity of BphAE to the extent it does, due to its location remote from the active site. However, the different activities of BPDO II10 and BPDO B356 , two enzymes that both have Ser267, highlight the importance of 590 sequence context on the influence of a specific residue.
Considerable effort has been invested in engineering BPDO, to improve its PCBdegrading activities as well as to improve our understanding of the enzyme's mechanism and the role of active site residues. While much of this effort has involved mutations of residues in region III, it is clear from the available structural data that other residues play an equally 595 important role in determining the congener preference of the enzyme. Finally, most of the engineering efforts have involved BPDO LB400 and BPDO KF707 . The high PCB-transforming activity of BPDO B356 highlights the importance of including this and other less well characterized enzymes in engineering efforts, particularly directed evolution. Identification and modification of biphenyl dioxygenase sequences that determine the One unit of enzyme activity (U) is defined as the amount of enzyme required to consume 1 µmol of O 2 /min. Standard deviations (n = 4) are indicated in parentheses. 795 Table 2 as depletion was determined after 1 minute. (10) 32 (5) The reported values represent mean values (n = 3-5). S.D. values were less than 5% except where indicated in parentheses. Results obtained for BPDO II10 were the same at 3 and 18 hours.
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